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I. INTRODUCTION
Columns in a rigidly jointed frame will be
subjected to end-moments as well as to axial loads,
as a consequence of the continuity of the structure
(Fig. 1). A column under the combined influence of
both axial force and end-moments is commonly called
a beam-column.
Consider a beam-column under constant axial
load. If this load is less than the buckling load,
the member will initially resist any applied end-
moments and thus provide a certain stiffness against
deformation. However, this resisting stiffness will
be decreased as the member yields, and as the sec(md
order moments due to the axial load become signifi-
cant. A typical plot of the relationship between
end-moment and end-rotation is shown in Fig. 2.
Techniques are available l for predicting such curves.
The moment-rotation curves have a maximUm
which is either at or below the plastic moment re-
duced by axial load (Mpc )' In those cases where the
maximum is at Mpc , the behavior is predictable by
beam-type theories 2 . As the beam-columnpefb:rms,be-
yond the maximum moment point (Fig. 2), the end-moment
will eventually change sign and become an assisting,
rather than a resisting moment. This change occurs at
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an end-rotation of the order of O.OS'-radian for many
. 1practlcal columns .
2
.:.i
Moment-rotation curves such as Fig. 2 represent
a useful description of the structural behavior of a
2beam-column. Furthermore, such curves allow rational
design methods to be developed for frames containing
beam-columns 3 . As a consequence of the potential use-
fulness of these curves, it is necessary to subject them
to careful theoretical and experimental study. The theo-
retical basis has been previously presented in Ref. 1
and 4, and will not be repeated here. A further reportS'
discusses the analytical development in more detail.
Experimental studies 6,7 have been restricted to
beam-columns in which the end-moments were applied di-
rectly through a loading device. Such tests may be re-
garded as a first step towards a study of beam-columns
which are components of a rigidly jointed frame. The
results of these beam-column tests indicate~'7 that the
theoretical moment-rotation curves provide an adequate
representation of beam-column behavior, ufl to.the start
of local or lateral buckling.
The next step in an experimental study, is an
examination of the behavior of beam-columns which are
integral parts of a structural assemblage. Furthermore,
278.10
the behavior of the subassemblage itself must also be
3
examined. The purpose of this report is to describe a
series of tests which were designed to allow both these
objectives to be attained. A more specific outline of
the aims of the series will be found in an earlier
8
report .
The test results to be presented help to pro-
vide a better understanding of the behavior of beam-
columns and of subassemblages containing beams and
columns. Such an understanding is necessary for the
rational design 8.nd analysis of structures in which
axial forces are significant.
II. EXPERIMENTAL TECHNIQUES
The experimental techniques used in this test
series have been described previously8, and therefore
only a brief summary will be given here. The testing
arrangement is shown diagrammatically in Fig. 3, and
a photograph of a test in progress is given in Fig. 4.
The sequence of loading during a test is such
that initially all of the axial load P is applied to
the column (Fig. 3). Then the end moments Fa are add-
ed incrementally from the zero condition. When the
structure is inelastic, a sufficient time is spent at
each moment increment to allow the yielding process to
stop and the structure to come to static equilibrium.
278.10 4
The axial load P, and both the applied moments
1
..
Fa, and the beam moments Rs, are recorded at each in-
crement. In addition, the rotation of the joints, the
deflection of the members, and the strains in the mem-
bers are also recorded. From such measurements the
end-rotation curves of the component members, and
various other curves, can be constructed.
The test structure is analyzed, using the basic
structural principles of equilibrium and compatibility.
A typical instance of such an analysis is given in Fig.
5. The three curves in this Figure (beam, column, and
j6int) can be obtained directly from the test. The
composite joint curve, which represents the behavior
of the entire assemblage, can also be obtained indi-
rectly from the other two, thus providing a check on
the experimental procedures.
The above measurements form the basis of the
following experimental investigation, and will be
presented in detail in later sections.
It is also necessary to study the stability of
the system as a whole. It can be shown2 that this de-
pends on both the structure response (joint curve, Fig.
5) and the load response. The system becomes unstable
if the two response curves have the same slopes at their
equilibrium intersection point 2 • This problem is discussed
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in detail in the Appendix. There it is shown that the
load system used in these tests was sufficiently stiff
to prevent any structural instability from occurring
during the tests.
III. DESIGN OF EXPERIMENTS
a. General
The detailed design of the individual test spe-
cimens has been described elsewhere8 . Table I gives the
test parameters used in the seven tests which form the
series under discussion. The following dimensionless
parameters are adopted:
p/py = p/A(J"y: where P is the column axial force,
A the cross-sectional area, and
~y the yield stress
where h is the column height
(Fig. 3) and r x the in-plane
radius of gyration
sid where s is the beam length and
d the depth (Fig. 3)
where Ie is the column and Ib the
moment of inertia
The values given in Table I are nominal. The exact
values obtained from specimen measurements will be
given in Table VII.
b. Columns
The column slenderness ratios (Table I) were
chosen to represent dimensions found in typical rigid
frame structures. As conditions at collapse, rather
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than at working load are being studied, the axial load
ratios are higher than would normally be encountered.
The axial loads may therefore be regarded as working
loads multiplied by some appropriate safety factor.
In each of· the tests the columns and the beams
were braced to prevent any adverse lateral movement
, 2
Gut of the plane of the test specimen. Thus the ex-
perimental results may be assumed to represent an in-
plane condition.
c. Beams
By varying the beam length "s" (Fig. 3), while
all the other test parameters are held constant, it is
possible to produce a marked variation in the struc-
tural conditions at a joint. If the beam is long an,d
therefore flexible, the beam-column will have begun to
unload before a plastic hinge has formed in the beam.
In this case the strength of the joint could not be
correctly predicted by simple plastic theory. However,
if the beam is shortened in length it will beco~e stiff-
er and a stage will be reached at which the column will
attain its maximum moment after a hinge has formed, in
the beam. In this case, the maximum strength of the
joint is the sum of the maximum strengths of its com-
ponents. (This effect will be discussed further in a
later section, the two cases described above are shown
in Fig. 31).
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The beam lengths were therefore varied to
produce a range of ratios of column-to-beam stiffness
which would include the two important cases discussed
7
above. In addition, the dimensional ratios were also
restricted to the limits to be expected in the lower
stories of a tall building.
d. Subassemblages
The variation of stiffnesses can be expressed
by the ratio G used in the AISC specifications9 ahd
defined by
(1)
The tests are seen to form two Groups (1& II in Table
I). Inside each Group the only variable is the quan-
tity G, which thus affords an opportunity to study its
effect. The actual values of G correspond to effect-
ive length factors (for design purposes 9) of between
0.85 and 0.95 for braced frames, and between 1.6 and
2.4 for unbraced frames lO ; These are both typical
situations in tall bu~ldings.
Groups I and II provide the basic study of the
test series; however two additional tests were perform-
ed. Test RC-6 included a column with a slenderness
ratio of thirty and a relatively high axial load ratio
p/py = 0.8. There has been little previous study of
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the behavior of such beam-columns 6. Test RC-7 was a
test to investigate the sway behavior of the sub-
assemblages. The testing arrangement for this test
has also been described elsewhere8 ; the basic vari-
ation from the other tests (RC-l to 6) was obtained
by altering the angle of intersection of the beam and
column centerlines during the test. This was achie-
ved by jacking the beam end-reaction (B in Fig. 3) at
the same time as the joint moment increments were be-
ing added. In such a case, the column end-rotation
is equal to the total end-rotation of the beam, rather
than to the end-rotation from the beam centerline.
IV. ORGANIZATION OF TESTS
The organization of the tests is shown in Fig.
6. Reading across the page gives the order in which
the tests were performed. This order was adopted to
allow re-use of the beam material and thus to elimin-
ate one variable within each test group. The beam
..
lengths directly below each other in Fig. 6 are the
same original pieces of steel. After a test, the
yielded portions of the beams (near the connections)
were removed, leaving a reusable elastic length for a
test requiring a.shorter beam.
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Sixteeri 30-ft. lengths of steel were purchased
to supply the needs of the test project. These steel
lengths are summarized in Table II. The lengths were
each designated by a separate number, and the lengths
used in each test are indicated by the corresponding
numbers placed alongside the members in Fig. 6.
v. CONTROL TES TS
. A number of control tests were performed on the
material. These tests, which were given an RT number
(e.g. RT-12), are summarized in Table III. The purpose
of the tests was to determine the material and geomet-
rical properties of the sections used in the test
specimens.
a. Tension Tests
Twenty-six tension tests were performed (Table
III). The average flange and web static yield stresses
for each length are given in Table IV. The values given
for lengths No.2, 5, and 10, are the mean values from
all tests, as no tension tests were taken from these
lengths. The mean static yield stress level for all
flange tests was 34.6 ksi with a 1.0 ksi standard devia-
tion, and the mean for the webs was 38.0 ksi.
The steel was purchased as ASTM A36. The chem-
ical composition and mill yield stresses are given in
278.10 - 10
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Table II. The ASTM testing procedure results in the
mill yield stress being at a dynamic level and based
on a web coupon. It is therefore not surprising that
the flange static yield stress level (34.6 ksi) is
below the ASTM standard level (36 ksi).
The static flange yield stress for the 8WF31
was 34.7 ksi with a standard deviation of 1.2 ksi, and
for the 5WF18.5 it was 34.3 ksi with a standard devia-
tion of O~7 ksi. An analysis of the difference between
these means indicated that the difference between the
two sections is not statistically significant. A sim-
ilar study of the variation of yield stress between the
different lengths of the one section indicated that
this variation was (statistically) highly significant
for the 8WF31 and significant for the 5WF18.5. The
variation within a particular length is very small,
with a standard deviation of only 0.3 ksi. The vari-
ation between lengths is not important structurally,
the standard deviation for all 8WF31 tests being only.
1.2 ksi, and 0.7 ksi for the 5WF18.5 tests. This
grouping of yield stress values with steel lengths can
be seen in the bar graph representation of the tension
test (flange results) given in Fig. 7. Although the
overall scatter is not large, there is seen to be a
definite grouping of the yield stress values obtained
from each steel length.
278.10
b. Residual Strains
- 11
."
..
Residual strain measurements were made by the
standard procedurell from one length of 8WF31 and one
.5WF18 . .5 (Table III). The 8WF31 test (RT-2) gave a:_
11typical residual strain pattern ; however, the re-
sidual strains in the .5WF18 . .5 test (RT-10) were con-
siderably less than the 8WF31 values. The measured
pattern for RT-10 is shown in Fig. 8.
While it is not;'possible to draw conclusions
from one residual strain test, the other tests con-
ducted on the .5WF18 • .5 (Table III) also indicated that
the residual strains in this section were relatively
small. The probable explanation for this lies in the
fact that the .5WF18 • .5 was cold-straightened by rotat-
. ·12ing rather than by gagglng
c. Stub Column Tests
One stub column test was performed on an 8WF31
section and one on a .5WF18 • .5 (Table III). The results
of these two stub column tests are given in Table V.
The values of Py = Ar:Jy in this Table are calculated by
using the measured cross-sectional areas of the test
specimens and by considering the variation in yield
stress between flange and web.
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The residual stress levels observed in the two
..
stub column tests are in good agreement with the mean
values from the two .residual strain tests. Test RT-ll
is seen to confirm the earlier indication that the re-
sidual strains in the rotarized 5WF18.5 section are
1 1 . 1 1 11ower than the genera ly accepted typlca va ues .
The local buckling behavior of the two sections
is of interest in the later investigations. The 5WF18.5
has a bit value of 11.9. The stub column for this sect-
ion reached an axial deformation of three times the
strain at strain-hardening before local buckling was
observed. In the 8WF31 test (bit = 18.5), local buckl-
ing was observed when the section had reached an overall
axial. strain of only 35 per cent of the strain-hardening
strain (Table V). However, the post-buckling strength
was sufficient to allow the specimen to reach an overall
strain of just over strain-hardening before unloading
occurred. It is noted that the bit value of the section
is 8.3 per cent above the maximum that would be permit-
ted by the current AISC Specifications9 .
The load-axial deformation curve for RT-3 is
given in Fig. 9. It should not be concluded~from this
Figure that local buckling occurred at a strain of
0.0047. This value is an overall value; the average
value in the locally buckled region would be much
closer to the strain at strain-hardening2 .
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d. Beam Test
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One beam test (RT-32, Table III) was conducted
to check the plastic moment, Mp , of the beam section
and to investigate the strain gage arrangement8 which
was to be used to find the internal moments in the
actual test beams.
The testing arrangement is shown in the inset
to Fig. 10. The support spacing was chosen at 20ry to
preclude any possibility of lateral buckling2 . The
predicted value for Mp was 415 kip-in. and the test
value was 420 kip-in. The load-deflection curve· for
the test is given in Fig. 10. Two points can be noted
from this curve. Firstly, it does not appreciably de-
part from a linear curve untiili 92 per cent of Mp is
reached. This is mainly a consequence of the low re-
sidual strain levels. Secondly, the moment capacity
continues to increase slightly after Mp is attained.
This is not typical of the behavior of beams under
uniform moment13 and is probably a consequence of the
short spans (20ry ) used. The load capacity was still
continuing to increase when the test was stopped at
eight ti.mes the elastic deflection .
e. Cross-Section Measurements
The accessible section dimensions were measured
at three-foot intervals along the lengths of the sect-
!
ions using micrometers and calipers. Measurements, such
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as web thickness, which were not generally accessible,
were taken at every cut made in a length. Tni;addi tion,
carbon paper impressions of the cross-sections were
taken at these points. The above procedures were
followed for each length used (Table III).
From these measurements it was possible to
calculate the geometrical properties of the various
lengths, The more relevant of these properties are
given in Table IV.
An additional variation was introduced by
changes in the actual shapes of the cross-sections
used. These changes were mainly a result of a lack
of parallelism between flanges and a change in
flange thickness across the width of a flange.
As a consequence of the above factors, it
was necessary to consider the measured properties
of each particular length rather than use average
values throughout. The use of the latter course
would have introduced errors of an unacceptable
size (above 5%).
f. Summary
The above studies were undertaken in order
to ascertain the properties of the members used in
278.10 - 15
the subassemblage tests. It was found that a precise
knowledge of these properties was necessary for an ac-
curate prediction of the behavior of the beam and stub
column tests. It was also found that the variation of
properties between steel lengths was such that, in many
cases, it was necessary to consider individual rather
than average properties.
VI. PRE- TES T MEASUREMENTS
An earlier report8 discussed how the erection
moments in the test specimens could be measured before
a test and how, in a similar manner, the beam strain
gage system could be directly calibrated to read in
terms of moments.
a. Calibration of Beam Strain Gages
Three sets of strain gages were used to deter-
mine the bending moment in each beam (Fig. llb). Each
set was wired as shown in Fig. lla. Hence, a strain
indicator reading of e will correspond to a bending
moment of
,
M = bl-B . Cd
or
1066 xM = c
( 2)
( 3)
where the calibration constant c is
d x 10 6
c = 4EI
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Equation (2) provides readings accurate to within
1: kip-in if I/d is known. As an example of the errors
f1I1iVolv:6'dl , the control beam te st (RT- 32, Section Vd)
will be studied. The calculated value of c for this
length (No. 12) was c = 3.29. The recorded value of
c' from the control test was c = 3.22. (For 0.4< M/Mp
< 0.8 in Fig. 10, c varied between 3.20 and 3.24). The
error introduced in this case is therefore 0.07/3.22 =
2.2 per cent, or 9 kip-in at Mp of the 5WF18.5.
The above error can be attributed to variations
in I/d within a length of steel and is not of a signif-
icant size. However , it was thought advisable to obtain
the calibration factor by direct means and thus elimin-
ate any possibility of gross errors. The procedure for
doing this has been described elsewhere8 • The results
of these calibrations are given in Tab'le VI, and the
errors are of an acceptable magnitude. The difference
between measured and calcuJ,ated factors was above 5
per cent in only one test (RC-7) and the differences
are probably due to variatiens in I/d. In all subse-
quent analyses the pre-test calibration factors, and
not the values obtained from Eq. (4) are used.
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b. Erection Moments
The methods for determining the erection
moments are described in an earlier report8 , and
only the results will be given here. The measured
moments are shown in Fig. 12 and represent the
situation just prior to the commencement of the
actual test.
- 17
The bending moment diagrams are all of the
same general form and the measured moments are of
the same order of magnitude. The effect of these
moments becomes significant in those tests in which
the total applied moment is relatively small. For
example, in test RC-6 the maximum column end-moment
is 126 kip-in, and so in this case the erection
moment [:Figr.12) is 53/126.= 42 per cent of the
total applied moment. The erection moments arise
8from three sources : (1) mismatches between the dis-
tance AB in the test specimen (Fig. 3) and the dist-
ance provided in the test stand; (2) settlement of
•
the column ends relative to A and B (Fig. 3) during
application of the axial load; and (3) moments due
to eccentricities of the axial load with respect to
the column centerline .
••
278.10 - 18
VII. TEST RESULTS
A,~ Basic Results
The variables in the seven tests have been
listed in Table I.' The basic measurements in each
of these tests are the beam end-moments, the column
end-moments, the, joint moments, and the joint rota-
tion (Fig. 13). The joint rotation is measured by a
level gage, and the joint moment is measured by a
dynamometer in series with the jack shown in Fig. 3.
The beam moment is measured by the beam strain gages
described in Section VIa. As the joints are in
moment equilibrium, the column moments may be found
as the difference between the joint and beam moment.
They may also be deduced from strain gages placed at
the ends of the columns8 as long as the gaged region
remains elastic. It has been shown that the differ-
ence between the two estimates of the column end-
moment is small (about 3% for ,test RC-2)8.
Figures 14 throu~h 20 present the three basic
measurements for each of the seven tests. The identi-
fying load numbers·for each load point are given at
the top of each graph. At each load point the three
bending moments and the load number all correspond to
the same joint rotation and so are all plotted on a
straight line perpendicular to the rotation axes in
Fig. 14 to 20.
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In each test the initial load points are not
shown. These correspond to the addition of axial
load to the test specimens. As mentioned earlier,
all the axial load was ap~lied prior to the addition
of any bending moments. This was normally done in
four or five equal increments.
All the section dimensions and properties
were not known before each test, and therefore it
was not possible to exactly maintain the nominal
values given in Table I. The actual values of the
sid and p/py ratios are given in Table VII*.
The points plotted in Fig. 14 through 20
are average values for the top and bottom of the
specimen, unless the difference between the two
cases is significant. (Theoretically, conditions
at the top and bottom joint should be identical).
All the plotted points represent static
equilibrium positions of the sUbassemblage;-load
unit combination2 . The equilibrium is attained
~~ In test RC-l allowance W8.S not rna.de for the
addition to the column axial load due to the
stub beam shear force. Hence there is a sig-
nif;icant variation in this test between the
nominal and actual values
278.10 - 20
almost instantaneously in the elastic range; however,
this is not the case once yielding has commenced in
the structure. The yielding process is relatively
slow, and the initial response of a structure to any
increase in load will be predominantly elastic. Then
those regions loaded above the yield point will yield
and cause a redistribution of strains throughout the
structure. This process normally causes an increase
in deflections and a decrease in load from the condi-
tion immediately after loading is halted.
The decreased jack load was used as a criterion
to indicate when the redistribution process had halted
and static equilibrium had been attained. The average
time elapsed before the reading at a load point was
taken was about fifteen minutes .
. It is noted that all points in Fig. 14 through
20, even those on the descending portions of the vari-
our curves, represent static equilibrium positions.
The points of first yield and of local buckl-
ing in the various members are noted on the relevant
Figure for each test. These points were all determ-
ined by visual observations.
278.10
b.. Deflected Shapes
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The deflected shapes of the column and lower
beam in each specimen were measured during the test,
using 0.G01-in. dial gages. Fig. 21 shows the de-
flected shape of test RC-2 at a number of load in-
crements (the numbers on the shapes correspond to
the load numbers in Fig. 15). Similar curves were
obtained for all the other tests, except in the case
of RC-7, in which the l.ower beam reaction was jacked
upwards in such a manner that the beam chord rotated
through an angle equal to half the joint rotation
angle. The deflected shape for RC..,.7 is shown in Fig~22.
In all instanc.es the behavior of the beams was
very close to the standard predictions14 , and so will
not be repeated here. The behavior of beam-columns is
less documented than that of beams, and so a plot of
midheight deflection versus end-rotation is given in
Fig. 23 for tests RC-l to Rc-6. The load points given
correspond to those used in Fig. 14-19.
The column curvatures were also measured by
strain gages at three locations in each column. Fig.
24 gives the measured column curvatures for test RC-2
at five load-increments (c.f. Fig. 21). The curva-
tures are non-dimensional, using the yield curvature
278.10
where
- 22
•
..
.'
where 6 y is the flange yield strain.
The result shown in Fig. 24 is typical of the
other tests also, the curvatures near the ends remain-
ing small in relation to the curvature at midheight.
Hence the curvatures in all the tests are summarized
in Fig. 25, where the curvature at midheight only is
plotted ~s a function of joint rotation. Test RC-7
is an exceptional case, as the maximum curvature did
not occur at a strain gage location. Hence the re-
sults in this case represent only midheight curvatures
and not maximum curvatures as in the other tests .
The somewhat irregular nature of these curves
is to be expected, and is a direct consequence of the
discontinuous nature of the yielding process15 . How-
ever, it has also been shown15 that the curves will
provide a good average representation of the actual
conditions in a partially yielded member.
c. Lateral Deflections
In all the tests, the beams were braced more
2than adequately and no signs of lateral buckling were
observed. The columns were braced at their quarter-
points (3 braces). The resulting weak axis h/ry be-
tween braces is given in Table VII. Visually apparent
278.10
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lateral deflections occurred in only one test (RC-7,
Fig. 20). In this case the maximum moment region was
between bracing points .
However, lateral bending strains are to be ex-
pected in any test due to the formation of lIbending
yield lines 1l2 • These indicate the presence of some
lateral deflection (which may not be visible to the
naked eye). The first advent of these lateral bend-
ing strains across a compression flange depends on
the presence of bending yield lines2 , rather than on
"lateral buckling ll • In all the tests, lateral bend-
ing strains were observed in the compression flanges
at very close to the stage at which the flanges first
became yielded across their width. (e.g., at load
No. 10 in RC-2, Fig. IS) . No such effect is observed
in the tension flanges. Table VIII gives the load
numbers at which significant ( > 0 .l~ y) lateral
bending strains were first observed.
As an illustration of the behavior, Fig. 26 is
presented. This figure gives the measured mid-height
column strains in test RC-2 for both tension and com-
pression flanges. The strains have been plotted for
four load levels. Figure 26 illustrates how lateral
bending strains first occurred in the compression
278.10 - 24
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flange between loads No.9 and No. 10. Even at the
end of the test, the tension flange showed no indi-.
cation of lateral curvature. However, from load No.
10 onwards, the lateral bending of the compression
flange was pronounced, and the strain distribution
followed an approximately linear law.
VIII. THEORETICAL COMPARISONS
Tlfe graphical equilibrium and compatibility
method for obtaining the joint moment-rotation curve
requires a knowledge of the behavior of the individual
members (beams and beam-columns). The welded beam-to-
column connection may be assumed to maintain compatible
rotations in the members framing into it.
a. Beams
The response of the test specimen beams to the
applied end-moments may be calculated by standard cur-
vature integration techniques. Once a plastic hinge
has formed at the end of the beam, the increase in
moment with further rotation may be calculated from
the simplified curvature diagram given in Fig. 27. Mo
in this Figure is the increased end-moment due to
strain-hardening; ~ and fi are strain-hardening coeffi-
cients defined by
..
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and
s = 6 strain-hardening/ ~ y
h = E/Estrain-hardening
( 6)
- 25
The relationship resulting from integration of Fig.
( 8)
where
1 MpL
= ---3 EI
( 10)
•
•
Thus the beam end-moment vs. end-rotation curves may
be constructed. It was shown earlier (Section Vb)
that the residual strains in the section are small,
and so their effect is neglected in this analysis.
The values used for sand fi. are 11.5 and 33, .res-
pectively16.
A further problem that must be considered is
the location of the plastic hinge. Conventional an-
alytical procedures assume this to be at the inter-
section of the member centerlines. In reality, how-
ever, it cannot be closer to this point than half the
depth of the column (Fig. 28). Furthermore, previous
investigations have shown4 that the effect of a con-
nection is to constrain the region of the member near
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the connection in such a way that it behaves elastic-
ally under stresses above the nominal yield point.
The length over which this occurs has previously been
observed14, and was observed in the present tests, to
be about equal to the depth of the member. The effect
can be seen in the photograph of test Rc-5 shown in
Fig. 29. However, it should be noted that this photo-
graph was taken late in the test, and the yielding had
begun to advance in towards the connection (due to an
increase in Mo ) .
As a consequence of these facts, the center-
line plastic moment of the beams increased to M' wherep
M' - S Mp - s - db - dc/2 P (11 )
If
where Mp is the cross section plastic momen7E, and db
and d c are the depths of the beam and column, res-
pectively.
The resulting beam curves are given in Fig. 14
to 22 as dashed lines. The tendency in these Figures
for the top beam to have a higher plastic moment than
the bottom beam can be explained by considering the
erection moments given in Fig. 12. The erection mom-
ents are seen to exhibit a consistent pattern in which
the top beam is pre-loaded favorably, and the bottom
beam unfavorably. The average difference between the
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two beams at the beginning of the test was 24 kip-in.
This value will chang~ during the test as the column
undergoes axial deformation8 , but the f'attern will
remain the same.
In RC-7 the beam end was jacked up during the
test in such a way that the beam chord rotated· through
an angle", relative to the column chord, of 0.40 times
the joint rotation angle. Therefore in this test, the
value of e in Eq~ (6) is 1.49 times the angle of rota-
tion of the bottom joint.
b. Columns
The end-moment end-rotation curves for beam-
columns can be calculated from the column deflection
curve theoryl. The calculations in this report are
basee on curves which have been c0mf'uted since the 0r-
iginal data were published17 . These new curves differ
from those in Ref. 17 in that the use of electronic
comf'utation has allowed greater accuracy to be achiev-
9
ed in their calculation.
The curves used were derived specifically for
36 ksi steeL However, columns of other yield stress
levels may be treated5 by moeifying their slendernes~
ratios by the ratio; J36/cry, where cry is the yield
stress of the column in ksi.
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The beam-column end-moment vs. end-rotation
curves are given in Fig. 14 through 20. These curves
are calculated for the standard residual strain pat-
tern, but are derived for the actual pIpy and cry values
relevant to each test (Table VII).
In those cases where the columns are subjected
to erection moments with a significant single curva-
ture component, these moments are treated as an ini-
tial applied end-moment. It will be observed from Fig.
12 that the tendency is for the column erection moments
to act in such a manner as to reduce rather than raise
the moment-capacity of the column.
The theoretical curves stop at the point at
which a hinge would form at midheight of the column;).
Further deformation requires an angular discontinuity
at the hinge, and the prediction of behavior is best
treated by methods other than the conventional l , 17
column deflection curve methods. However, this hinge
formation point on the column deflection curve can be
shown2 , 18 to closely correspond to the predicted
point of local buckling in a beam-column. This pre-
dieted point is marked by a solid black dot on Fig. 14
through 20. (The actual local buckling point is indi-
cated by a printed note).
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The behavior of a beam-column beyond the point
at which a hinge forms can·be predicted by a mechanism
5appr.oach. Subsequent rotations after the hinge has
formed are assumed to be a consequence of rigid body
rotations about the hinge. The moment-rotation curve
5for the beam-column can now be expressed as
8 =
(MpC ) _ (2:-)
. My My
8. + --"-------
p/Py hd
( 12)
where 8. is the rotation at the point of hinge forma-
tion and Mpc is the plastic moment reduced by axial
load. This equation is plotted in Fig. 14 to 20 as
".
the theoretical column curve beyond the point of 1-, ,..1. : i
•
hinge formation (this point being given by the solid
dot.). The initial portion of the curves are, of
course, derived from the column deflection curves.
c. Subassemblages
Following the principles outlined in Fig. 5,
the joint moment-rotation curve is obtained by a
simple compounding of the beam and beam-column curve.
These COmpounded curves are also given in Fig. 14
through 20 .
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The deformations given in Fig. 21, 22, and 23,
may also be predicted from the methods outlined in sec-
tions (a) and (b) above. The joint rotaticm will be
chosen to interconnect test and theory in the follow-
ing comparisons, as the rotation is a unique represent-
ation of the deformed shape of the structure.
The beam deflections are found by a double in-
tegration of the curvature diagram shown in Fig. 27.
The column deflections are found directly from the
column deflection curves17 , up to the point of hinge
formation. Once a hinge has formed, the center de-
flection, 6, is given by,)
Mpc M
--
b M,Y My 2rx (13)= P/Py .r x d
Typical predictions of column deformed shapes
are given in Fig. 21 for test RC-2. Similar curves
were obtained for the other tests.
The column curvatures shown in Fig. 24 and
25 can also be predicted. However, once the hinge
has formed in the column, both the column deflection
curves and the mechanism approach predict infinite
curvatures. Finite curvatures could be obtained by
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simply re-deriving the column deflection curves from a
stress-strain diagram with strain-hardening properties
included. This has not been undertaken here as the
8WF31 section used for the column is prone to local
buckling16 once the section has hinged. Thus any re-
fined in-plane analysis would not be justified in
this instance.
The theoretical curvature prediction for RC-2
is given in Fig. 24. Similar curves are obtained for
the other tests. The lateral behavior of the columns
(Fig. 26) can be qualitatively predicted2 , but quan-
tit~tive predictions are not yet feasible.
IX. DISCUSSION OF RESULTS
a. General
The basic results are presented in Fig. 14
through 20. A prime conclusion from these results
is that the behavior of the subassemblages follows
the theoretically predicted mode. There appears to
be no fundamental difference between the theoretical
and predicted curves given in Fig. 14 through 20.
A furt4er point is that there were no indica-
tions of instability in the subassemblages. All the
test points plotted represent stable positions. Thus
there is no inherent instability in a beam-column when
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its moment capacity begins to drop, nor does the sub-
assemblage itself become unstable. This i's contrary
to some widely-held opinions19 with respect to beam-
column stability. It can particularly be noted that
in a number of columns (RG-l, 3, 4, 6, & 7) the end-
moment changed sign, and the column became a restrained
column (section I); even in these instances, no insta-
bolity was observed. (The usual definition20 of in-
stability is implied in the above discussion).
In all the tests except RC-3, the maximum sub-
assemblage moments were reached after the column end-
moments began to drop. In test RC-6 the end-moments
has changed sign before the maximum subassemblage
moment was reached. This indicates that not only is
the unloading beam-column stable, but it also permits
a predictable and unique distribution of moments dur-
ing the process.
The overall stability of the subassemblage has
been discussed in section II, and it was shown in the
Appendix that the load system was sufficiently stiff to
prevent any chance of overall instability. This pre-
diction is in agreement with the observed behavior. The
test curves are thus a valid representation of the
equilibrium behavior of the subassemblages.
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The beam curves in Fig. 14 through 20 are all
very close to the f)redicted curves. Ther,e appears to
be no difficulty in f)redicting the behavior of such
beams in subassemblages, if strain-hardening and the
true location of the hinge (Fig. 28) are considered.
The elastic behavior of the beam was slightly stiffer
than f)redicted, probably as a result of the increased
stiffnes.sat and near the beam-to-column connection.
This effect was ignored in the deflection analysis.
The elastic behavior also confirmed the earlier pre-
dictions (section Vb) of a low residual strain level
in the beam.
Tests RC-2, 4, and 5, recorded differences
between 'the plastic moments of the top and bottom
beams of 7, 12, and 6 per cent of Mp , respectively.
These differences are due to variations in proper-
ties between beams and to unpredicted erection and
settlement moments (section Vlb).
c. Columns
The form of each of the column curves shown in
Fig. 14 through 20 is in agreement with the theoretic-
ally predicted form. The initial linear r~sponses of
the beam-columns are close to their predicted values,
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indicating that there were no significant restraints
in the testing arrangement. However, there are some
noticeable variations between test and theory once
the moment-rotation curves become non-linear.
The maximum moments lDredicted by the column
deflection curves do not always agree with the test
maximum column moment. Table IX summarizes the experi-
mental and theoretical column results. In Table IX the
differences between test and theory have been expressed
as a lDercentage of the plastic moment of the section as
given in Table IV. This is necessary, as it is Mp which
will be affected by structural variations of the magni-
tudes discussed in section V~ Thus a 5 per cent varia-
tion in relevant section properties would cause a 5 per
cent variation (5~Mp~ 50 kip-in) for all beam-columns.
It is misleading to express this 50 kip-in variation as
a percentage of the actual maximum column end-moment,
as this would then make the constant variation appear
·to be a function of the axial load.
It is seen that all the variations in Table IX
are within the limits to be expected in a practical
structure, although there appears to be a tendency for
the theory to overestimate the strength of the beam-
column. This is difficult to explain, but is possibly
due to the effect of the lateral bending strains noted
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elsewhere (Fig. 26) on the moment-curvature relation, or
to the discontinuous yielding process15 concentrating all
the yielded zones closer to midheight than is assumed by
the CDC derivation.
There is also a consistent pattern between tests
Rc-4 and 5 (Table IX). These were also the two tests
made from column lengths with significantly higher yield
stresses (Table VII), and the difference between test and
theory could be eliminated if the lower yield strength
appropriate to the other five tests were used. Conse-
quently, additional tension tests (RT-55 to 58) were taken
from these columns, but gave yield stresses of the same
level as had previously been assumed. Thus the yield
stress levels in Table VII cannot be considered to be
the cause of the variation.
The column theory was conservative in its predict-
ion of the unloading behavior of the beam-columns (except
for test RC-6 which will be discussed later)" In three
tests this conservatism was marked (RG-l, 2~ & 5), while
in the other three (RC-3, 4, & 7) it was not significant"
The effect is probably due to the influence of strain-
hardening at midheight of the columns. This will cause a
stiffening of the columns, and hence will produce the con-
servative difference between test and theory" The size of
this phenomenon will depend on the lateral bending strain
2pattern and on the influence of local buckling"
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It is particularly significant to observe,
•
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in Fig. 14 through 20, how close the observed point
of local buckling is to the point predicted by the
hinge formation theory5. It can be concluded that
the point of local buckling in beam-columns under
equal end-moments may be reliably predicted.
The simple mechanism approach used to give
the column end-moment VS o end-rotation curves after
the hinge has formed, also gives a good estimate of
the beam-column behavior. In all cases (Fig. 14
through 20), the theory correctly predicts the slope
of the test curves. It is interesting to note that
the theory explains the stiffening (i.e., the de-
creased rate of fall-off of load with rotation)
which occurred in most of the tests after rotations
of the order of 0.03-radian.
As has been mentioned earlier, none of the
.beam-columns exhibited any in-plane instability
phenomena, and a number of them recorded changes
in sign of the end-moment. Test RG-6 is remark-
able in this respect. At the end of the test the
reversed end-moments (Fig. 19) were 2.4 times the
maximum resisting moments in the positive direction.
This unusual type of behavior has also been
predicted from a simple column deflection curve
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approach . It can best be considered by recalllng
that the moment plotted is only the moment at the end
of the column; a variety of internal moment distribu-
tions can exist for this one end-moment5.
Test Rc-6 was exceptional in that its axial
load was relatively high (P/py = 0.83). It can be
seen from Fig. 19 that this did not affect the max-
imum in....plane moment prediction for the column (Table
IX), -but it did seriously reduce the strength of the
member in the unloading region. This indicates that
some caution is needed if beam-columns with such high
axial load ratios are to be used. However, the maxi-
mum difference between the two curves (Fig. 19) is 85
kip-in. If this is expressed as a percentage of Mp
for the beam-column, the percentage error is only 7.3,
which is not far outside the bounds to be expected in
a carefully constructed structure.
d. Subassemblages
As noted earlier, tbe joint curves were all
intrinsically stable, whether in the loading or un-
loading ranges. The extent of their deviation from
the theoretical curve depends solely on the like de-
viations of the component beam and beam-column curves .
The most ma.rked effect is the conservative influence
introduced into the joint curve by the conservative
278.10 - 38
•
•
prediction of the unloading behavior of the beam-
columns (see (c) above). Table X gives the maximum
joint moment obtained from both test and theory.
The agreement between test and theory in tests
RC-l, 2, & 3 is good. Tests Rc-4 and 5 show a six per
cent variation between test and theory, however, when
this variation is expressed in terms of the actual beam
and column properties it is seen to be well within
(2.6%) expected structural limits. The variation in
test RC-6 has been explained in section (c) above.
Again, when expressed in structural terms, the varia-
tion is not pa.rticularly large (6.5%). The error in
RC-7 is also of expected proportions, being 6.5 per
cent relative to the prediction, and 3.8 per cent
relative to the structural parameters. If test Rc-6
is neglected, the average ratio of test to theory is
0.984, which tends to confirm the suggestion that the
variation between test and theory is to some extent
due to a variation in material and section properties.
e. Deformations
The results shown in Fig. 21 illustrate that
the column deflection curve theory (loads No.8, 14,
15) and the mechanism theory (loads No. 18) are able
to predict the deformed shape of a beam-column. The
effect of local buckling on the deflection predict-
ions can also be noted. Similar curves were obtained
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for the other tests, in particular the beam deflections
agreed very closely with the theoretical predictions,
Figure 22 illustrates the same situation for test RC-7 .
In this test the column was not symmetrically loaded,
and both the maximum moment and the point of maximum
deflection moved during the test. The movement of the
..
maximum moment location is the probable cause of the
lateral buckling that was obser~ed in this test (and
in none of the others).
When the deflections and curvatures are exam-
ined on a more localized scale (Fig. 23, 24,25), the
agreement between test and theory is not very good.
This results from the fact that the theory assumes the
formation of a hinge with infinite curvatures. In the
actual member, strain-hardening occurs and both dis-
tributes and stiffens the llhinge ll region. Thus the
test curves in Fig. 23 through 25 all represent stiff-
"
er situations than their theoretical counterparts.
This point is well illustrated by the test-theory
comparison in Fig. 24.
The fact that the beam-columns themselves be-
have similarly under similar load conditions can be
seen in Fig. 23. In this Figure the curves for close-
ly similar columns from differentsubassemblages are
seen to be grouped together. The much more random na-
ture15 of the curvature distributions can be seem in
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Fig. 25, and Fig. 26 illustrates how any exact predict-
ion of beam-column behavior in the inelastic zone should
include a consideration of lateral bending strains •
x. DESIGN METHODS
a. Exact Method
The method described in Section II and Fig. 5,
and utilized in Section VIIIb may be considered as an
exact method, insofar as present (1964) knowledge of
structural behavior is concerned. The efficiency of
this equilibrium-compatibility method was discussed in
the preceding section and summarized in Table X. It
was observed that the method predicted the behavior of
subassemblages to an accuracy within normal structural
limits, provi\ded that the column p/py values did not
reach 0.8.
The following portions of this section will
discuss the various more approximate methods which
are used as a basis for design procedures.
b. Plastic Design
Simple plastic design would predict the strength
of a subassemblage joint to be the sum of the maximum
beam and beam-column end-moments. For the beam, this
would be Mp of the section (neglecting the refinement
introduced in Fig. 28). For the beam-column, the moment
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used would be obtained (in U.S.A.) from the ultimate
strength tables in Ref. 9. These values have been
•
•
calculated for the seven columns used and are given
in Table IX. Except for the two exceptional tests
(RC- 6, 7), it is seen that these predictions are about
seven per cent on the non-conservative side of the
column deflection curve predictions. The AlSC moments
were originally obtained by curve-fitting the results
f ." 1 1" 22 h" h 1 to a numerlca ana YSlS ,w lC was ess accura e
than the column deflection curve method. These ap-
proximations have theri given rise to the above-
mentioned discrepancies.
The simple plastic theory load capacity of
the joint is thus the sum of the column moment (as
found above) and the beam plastic moment. This sum
is given in Table X. Even if the above seven per
cent is considered, the predictions of simple plas-
tic design theory are seen to be non-conservative,
and in RC-:l, 4, and 6, the discrepancy is severe.
However, there is sone consistency within each of
the test Groups (Table I) and the error is seen to
decrease with the column-beam stiffness ratio, G
(Eq. 1). This behavior is plotted in Fig. 30.
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The reason for this relation between the load
prediction ratio and the stiffness ratio can be seen
from an examination of Fig. 14 through 20. In those
cases where the column begins to unload befo~e the beam
has hinged (all tests except RC-3) , simple plastic de-
sign theory is not applicable. This is illustrated in
Fig. 31a. In the other cases in which the beam has
hinged before the column begins to unload (Fig. 31b)
plastic design does give a correct estimate of the load
capacity of the structure. Thus it is expected that
RC-3 possess~d a load capacity close to that given by
simple plastic design.
Hence, if a beam-column is known to begin to
unload at end-rotation of 8uc and a beam to hinge at
an angle 8Lb it is necessary to ensure that
8uc~ 8 LB ( 14)
if the maximum strength is required from a joint .. This
is essentially a stiffness requirement, and says that a
beam must possess at least a certain stiffness relative
to a column if the joint they form is to deliver its
maximum available moment capacity. If it were known that
the stiffness requirement (14) was satisfied, plastic de-
sign could be used and considerable design simplifica-
tions could be 8.chieved. On the other hand , quite uncon-
servative designs could result is the requirement (14)
were not satisfied.
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The above restrictions (in-Eq. 14) are not
limited to simp~e plastic design, but apply equally
strongly to the more conventional methods. The re-
cent AISC Specifications9 have alleviated the prob-
lem to some extent by making the working stress in
the columns depend on the column effective length
factor, K, which in turn, depends on the factor G.
This was not the express purpose for which the term
was introducedlO , but to some extent it serves to
correct for the case when ineq. (14) does not hold.
If the subassemblages are checked, using the
AISC Specifications9 , and following the loading se-
quence of the tests (all axial load and then moments)
it is found that the axial load alone exceeds the
allowable design axial load in all tests except RC-2
and 3. To make the comparison more realistic, it
will be assumed that the axial load and the bending
moments are applied in a constant ratio. This ratio
will be found from the ratio of the maximum moment
to the maximum axial load in each test. The assumed
eccentricity is given in Table XI, along with the cal-
culated design moment and the load factor. It is seen
that the load factor for the first six tests is rela-
tively constant with a variation between 1051 and 1.70.
278810
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Table XI also gives the member which was found crit-
ical in the conventional analysis of each test8 This
corresponds to the observed behavior modes (Fig. 14-
20). Thus, such an analysis, provides a rapid means
of evaluating ineq. (14).
It can ~lso be observ~d that the variation
in the load factors does not appear to depend on the
value of G, i8e; the introduction of G into the
column equations and the use of an elastic compati-
bility analysis appear to have largely eliminated
the effect illustrated in Fig 8 31a8
The load factor obtained (average = 1064) is
close to the levels assumed by recent specification
writers of 1070 for beams, and of between 1.67 and
1892 for columns (Chap. 1 of Ref. 12)8
The load factor for RC-7 is deceptive, as
the calculations assumed a complete sway condition,
whereas the actual situation is somewhere between
this and a braced condition. It is apparent that
the assumption of complete freedom is too conserva-
tive.
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The seven subassemblage tests described in
this report have illustrated the manner in which
these structures may be expected to behave. It has
been seen that an equilibrium-compatibility method
based on the known inelastic response of the beams
and beam-columns can adequately predict the overall
response of the subassemblages. A conventional
quasi-elastic analysis gives less accurate results,
but does not lead to gross inaccuracies in the pre-
diction of joint strength (the problem of load re-
distribution between joints is not discussed here).
As simple plastic design neglects compatibility con-
siderations, its usefulness for subassemblages con-
taining beam-columns prone to unload is limited to
certain situations. It was shown that these situa-
tions may be readily delineated.
Neither the behavior of the subassemblages
nor the behavior of the component beam-columns show-
ed any signs of inherent instability. It was shown
that there is no instability intrinsically associ-
ated with either the unloading of a beam-column or
the' change in sign of the end-moments applied to the
be~m-column.
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The various forms of beam-column behavior
observed presented no bar to the reliable predict-
ion of the behavior of the subassemblages •
The response of the individual components
of the subassemblages (beams and beam-columns) was
examined and seen to follow the theoretical predict-
ions of inelastic member theory. It was shown that
hinges form at midheight of the columns and closely
coincide with the advent of local buckling. Fur-
thermore, the behavior of the columns after hinging
was predicted by a simple mechanism theory.
It is believed that the test results pre-
sented herein will allow a more rational discussion
of the behavior of structures containing critically
loaded beam-columns. The structures obey simple,
easily defined principles, and a realization of
these principles will unaoubtably lead to improved
design techniques and a better appreciation of
structural behavior.
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XIII. NOMENCLATURE
a
b
c
d
h
~h
k
1.
J
s
A
G
stub beam length
breadth of section
calibration constant for strain gages
depth of member
beam depth
column depth
column height
change in tie rod length
effective length factor
jack (effective) length
strong axis radius of gyration
weak axis radius of gyration
beam length
cross-sectional area
area of jack cylinder
Young's modulus
Young's modulus in the strain hardening
range
modulus of elasticity of jack oil
jack force
ratio defined in Eq. (1)
moment of inertia of column
•,
Ml , ••• ,6
M'
P
My
Mm
Mpc
p
v
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moment of inertia of beam
moment of inertia of the stub beam
moment
column moment
structure moments (Fig. 1)
bottom end-moment
top end-moment
beam end-moment
plastic moment
plastic moment increased by connection
details
yield moment = ~y(2I/d)
maximum column moment
plastic moment reduced by axial load
axial load
beam reaction
shear
top end-rotation
bottom end-rotation
yield stress
axial deformation; beam deflection;
column deflection
elastic beam deflection at Mp
strain
yield strain = (}y/E
strain at strain-hardening
..
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yield curvature (Eq. 5)
rotation defined in Eq. (9)
rotation at point of hinge formation
rotation at maximum column moment
rotation when hinge forms in the beam
increment in rotation
- 50
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XIV. APPENDIX
LOAD SYSTEM RESPONSE
The problem is to determine the load system
response and its influence on the stability of the
test specimen. The load system is shown diagram-
matically in Fig. A.la.. It is in equilibrium and
is exerting a force F on the structure through the
tie rods.. Pumping has been stopped, and the hydrau-
lic system may thus be considered to be closed ..
A small change, be, in the j oint rotation is
now applied to the system (Fig .. A.lb).. Consequently
F will also change to F + ~F. It is therefore re~
quired to determing ~ F/6 e for the load system or,
alternately, ~ M/ ge, where M = Fa. The value of 6e
is related to the vertical shortening of the system,
~h, by
~ h = 2a$e (Al)
Further, ~h contains three components where are:
(1) the flexural deflection of the stub beam, (2)
the axial deflection of the tie rod, and (3) the
elastic deformation of the oil in the (closed) jack
system.. Therefore
( ~F. a 3
- ~ h = +
3EISB
(A2)
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where ISB is the stub beam moment of inertia, AR the
tie rod area, 1 j the effective jack cylinder length,
AJ" the jack cylinder area, and Eo the modulus of
elasticity of the oil in the jack (250 ksi).
Therefore
~M18= - E
. -
Eo
(A3)
When this equation is evaluated for the test load sys-
tem, the minimum value of ~ M/ ~e is 9095 X 10 4 kip-in.
It has been shown2 that the stability of the
system depends on both the structure response (joint
curve, Fig. 5) and the load response (Eq. A.3) .. The
system becomes unstable if the two response curves have
the same slope at their equilibrium intersection point2
Tn Fig. A.2 the system becomes unstable at the point T.
The region OT and points such as S wi thin it, are there-
f"ore all stable points.
The stability of a system therefore depends on
the response of the load units. It was shown above that
the most critical value that this could have in the
present test arrangement was - 9.95 X 10 4 kip-in.. The
average maximum unloading slope ~M/ ~e recorded in the
tests (Fig .. 14 through 20) was - 1.08 x 104 kip-in., and
the most critical value was -1.47 x 104 kip-in .. for test
RC- 3 (Fig. 16). The situation for RC- 3 is illustrated in
Fig. A.2bo
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It can be seen from Fig. A.2b, and from the
values in the preceding paragraph (9.95 c.f. 1.47),
that the load system used in the test is always more
stiff than the unloading structure. Therefore no
structural instability is predicted at any stage in
any of the seven tests •
•278.10
TAB L E S
- 54
278.10
TABLE I
DESIGN OF EX:PERIMENTS
- 55
..
Test h/rx p/py sid G :)Notes
IRC-l 60 0.4 38.4 4.13 )
)
)
RC-2 60 0.4 28.8 3.10 ) Group I
)
)
RC-3 60 0·4 19.2 2.11 )
Rc-4 40 0.6 38.4 5.87 )) Group II)
Rc-5 40 0.6 28.8 4.47 )
RC-6 30 0.8 28.8 5097 High Axial Load
RC-7 60 0.,4 28.8 2.80 Sway test
Beam Rotation =
1..49 x
Joint Rotation
- - - - - - - - - - - - - - - - - - - - - - - - - - -
•TABLE II
- -... '--.
MATERIAL SUMMARY
-_.---
MiYl MillASTM Ult .. Mill
Section Use Length Heat- Length Designa- Y±eld Tensile Chemical Analysis %(feet) (BoS.O,,) Numbers tion Stress Stress Elong.
..- -. .-- --. .. , .. -
--. . - ", -......~""~ - .~--- .-.~.- .. ~-' .... ._.~ __•.-._•.., _~"_"~_,, 0,. .."•.,.,. . _"." _.~.,., •__ .W_.~_".""_"'._' _. -~-.- ~'-
--- +'. (ksi) (ksi) C Mn P 50
BWF31 Columns 30 151G 1 to 8 A36-62T 46.9 6607 .21 .58 .01 .025 24
5WF18.5 Beams 30 143G 9 to 14 A36-62T 41.5 6507 .20 .60 .01 .026 30
8WF40 30 154G 15, 16 A36-62T 39.3 65.3 .21 .69 .01 .028 26
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - -
..
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'i." TABLKI III
SUMMARY OF CONTROL TESTS
- 57
•
"
Control Tests (RT Numbers)
Cross
Steel Main Residual Sect-
Length Test Tension Strain Stub Beam ion
Tests Measure- Columns Test Meas-
ments ure-
! ments
1 2 33,34, 2 I 3 3035
I
2 7 54
3 1 4,5,6, 18
7,8 ;I
4 5 28,29 I I 31I5 3 54
6 6 41,42, 54
43 I
7 50,51, I
52,53
8 4 20,21, I 2322 I; I 549
I
10 7 ! 541
11 4,5 25,26 ! I 231
12 4,5 36,37, i 32 23~
38 !I
13 1,2, 12,13, 10 ( 11 18,30I
3 14 I I I!t I
I
14 1,2, 17,16
I
I 18,30
3 I
II 15 ! I
16 1 I 18thru
7 I I I, ! : !! ! I
TABLE IV
- eo'.·, .._. ".. _ •.
MEAN PROPERTIES
•
.
I-'
o
Mean Mean S,train
Steel Flange Web at Moment Section Plastic Plastic
Yield Yield Strain- Depth Breadth of Modulus Area Modulus Moment
Length Stress Stress Harden- Inertia
ing
.. ksi "ksi"- " " .. -~ _.. -- iii. 'in. in4 in3 in3 in 3 kip-in
1 34.8 47.0 0.017 8.20 8.00 117 2805 9.58 31.6 1120
~
2 34.7 8018 8017 120 2903 9.85 32.4 1160
3 34.35 3408 .017 8018 7099 117 2805 9.54 13·4 1100
4 36.5 .019 8,,16 8,,00 119 29.0 9.80 32.1 1190
5 34· 7 8.25 8021 120 2902 9.78 32.2 1160
6 3401 3502 .018 8,,17 8,,19 119 29.1 9,,80 32 01 1110
f3 36·4 38.1 .014 8,,16 8.00 117 28.6 9.66 31.6 1170
9 34· 3 5.25 5.25 27.5 10.5 5.58 11.8 412
10 34.3 5,,23 5.22 29.6 11.3 5.83 12.4 435
11 33.5 .017 5.23 5.04 28.3 10.8 5.76 12.0 410,
12 33.85 31.3 .016 5.20 5.01 26.8 10.3 5.59 11.6 400
13 34.9 41.3 .015 ,5.19 5.02 26.2 10.1 5·46 11.3 403
14 34.9 .017 5.18 5.01 26.1 10.1 5·47 11.3 403
,
- -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - -
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TABLE V
STUB COLUMN TESTS
- 59
•
..
.,
Test No. RT-3 RT-ll
Section 8WF31 5WF18.5
Length ( in) 33 23
L/ry 16.4 18
Calculated:
Py (kips) 318 206
Py ( Test) 315 206,,5
Error 1% 1%
Residual Stress 8.7 4.6Level (ksi)
Measured 9.2 3.6
Residual Stress (RT-2) (RT-IO)
(ksi)
b/t 18,,4 11,,9
Overall
Axial Deformation:
at Local Buckling 0,,0047 0.0438
at Unloading ~0140 not
reached
•278.10
TABLE VI
CALIBRATION OF BEAM STRAIN GAGES
- 60
.,
Length Tests Calibration Calibration Eq. (4) ErrorfromNo. RC- Pre-test from Eq. (4) (per cent)
9 6 3.34 3·23 -3.3
10 7 3.28 3.00 -8:~".5
11 4,5 3.19 3.13 -1.9
12 4,5 3.21 3.29 +2.5
13 1,2,3 3.22 3.36 +4.3
14 1,2,3 3.24 3.36 +3.7
."
TABLE VII
ACTUAL TEST PARAMETERS
I
Column h/ry h s
Test ,.h/~x .. _,... 8,./C!. JiI:y Yield Stress Between Braces.... -...~..~- -~ ...... (ksi)' .. ( in) ( in)
RG-l ~~ 59·4 37.0 0.50 34.4 26 208.1 192
RG-2 59.4 27.8 .40 34.8 26 208.1 144
RG-3 59.5 18.5 .42 34·7 26 208.1 96
RG-4 40.0 36.9 .57 36.4 17 138.9 192
RG-5 39.9 27.5 .56 36.5 17 138.9 144
RG-6 29,,9 27.5 .84 34.1 12 104.1 144
RG~7 .... ....59.0.7,,___.27.6 .040 . . 3407 _... 26 208.1 144
, ,
~~ In RG-l allowance was not ma.de for' the increase in P due' to stub beam shears.
Hence there is a significant variation between nominal and actual values in
this test. The actual value remained at close to p/py = 0.50 throughout thetest.
f\)
--.J
en
.
I-'
o
•278.10
TABLE VIII
FIRST OBSERVATION OF'
SIGNIFICANT~'"· LATERAL BENDING STRAINS
Test No. Load No. ~~~~
RC-L 11
RC-2 10
RC-3 11
Rc-4 11
Rc-5 13
Rc-6 8
No gagef3.'-C,o
RC-7 at maximum
I moment location
(bending Strain) > O. \f-y
~H," See Fig. 14-20 for identification
- 62
..
TABLE IX
.... . .....
BEAM-COLUMN RESULTS
_.
,'- ,- ',.,~. .... ,-,". .. -'~ ..- ..- .... AISCMaximum Column Moment Difference (AISC).,..(CDC)Test No. TE)El:t .cpe TbJ2Q:r.y . ..._. . M Ultimate M~'. -~. _..
'-, ',."-" --. -. --..._.... '.-.,. .. p-- '. Moment gent)(per cent) (per
RC-l 333.5 345 +1.1 421 +6.9
RC-2 424 460 +3.2 556 +8.6
RC-3 489 463 -2.2 547 +7.2
Rc-4 350 390 +3·4 438 +4·1
Rc-5 35.3 390 +3.2 461 +6.0
Rc-6 126 125 0 74 -4·6
RC-7 630 672 +3.6 575 -8.3221 240 +1.6
-------------
All moments in kip-in.
•
f\)
--J
())
o
I--'
o
Maximum Joint Moment
,to
Test
F9p_ ",
TABLE X
FINAL ,SUBASSEMBLAGE RESULTS
..
Testi)Difference
x 100
._T$.~Lt '., - -, (JQC'~ll~Q:ry. rr.heQ~Y._ --1Vlf~~~'~~~~ ~-c) - '..
Simple
Plastic
Design
•
Simple
Plastic
Design
Test
o
I---'
o
RC-l
RC-2
RC-3
RC-4
Rc-5
RC-7
621
872
927
590
752
326
630
600
880
920
630
710
430
672
1.035
0.99
1.01
0.937
1~059
0.758
0.935
-1.4
+005
-0.4
+2.5
-2.6
+605
3.8
824
959
950
843
866
486
630
1. 32
1.10
1. 03
1·43
1.15
1.49
---------------- --------~---- -~------~---------~------~-------~--------------_._--
All moments in kip-in.
.. • • '.
I\)
-..J
co
"TABLE XI
-CONVENTIONAL DESIGN LOADS OF SPECIMENS
Test Effective . Load Failure Mode Design Load Load
No. Length Eccentricity (Elastic Moment Factor
.... '- ..- .__..... • H __ X--Factor (.in).,. . ....Analysis) kip-in
RC-l 0.92 3079 Column 383 1.62
RG-2 .89 6.. 23 Column 579 1.51
RC-3 .86 6.39 Beam 565 1.64
Rc-4 .94 2 .. 91 Column 359 1.64
Rc-5 .9J 3.70 Column 443 1.70
Rc-6 .94 1.155 Column 193 1.70
RC-7 1.80 4,,47 Column 237 2.66
I-'
o
..
•
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p
v
~
v
..
Lower
Joint
Upper
Joint
M1 t Ms : from adjoining
columns
M2t M3l :from adjoining
M4t MJ beams
•
Fig. 1 - LOADS ON A STRUCTURAL COLUMN IP
'L..+
COLUMN
END-MOMENT
M rMpc
----~--
RESISTING V
-t
p
ROTATION
t
•
... ! JOINT ROTATIONe
.. ASISTING
ROTATION
Fig. 2 - END-MOMENT VS. END-ROTATION RELATIONSHIP
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Fig. 3 - DIAGRAMMATIC VIEW OF TEST ARRANGEMENT
.,
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Fig. 4 - TEST IN PROGRESS
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•,
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END OR
JOINT
MOMENT
- 70
.c
~---~---Equilibrium
8eam
.-----~---~----~Curve
8
JOINT ROTATION
Column
Curve
Fig. 5 - CONSTRUCTION OF JOINT CURVE
FROM BEAM AND COLUMN CURVES
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RC-4 h
RC-I h
#11
#14 ~ s ..I
I.. s ..I # 12
#14
#4 RC-5 h
*1 RC-2 h
#11
I.. s ~
#13 GROUP II TESTS
I. s .1 s
• I" ..,#14 #9
• ]#6 RC-6
#5 RC-3 h #9
HIGH AXIAL LOAD TEST
#13
I.. s ~
GROUP I TESTS
I..
RC-7
s
h
SWAY TEST
Fig. 6 - ORGANIZATION OF TESTS
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- 72
33 #4 S 'IF 31
:/I: II37
37
#6
c
0
Q)
I ~ :/I:S33 0
-{!.
37 #12
33 37
5 'lFIS.5
#13
..
33 37 :/1:14
FLANGE YIELD STRESS
Fig. 7 - FLANGE YIELD STRESS VS. STEEL SOURCE
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Fig. 8 - RESIDUAL STRESSES IN TEST RT-10
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Fig. 9 - TEST RESULTS FOR RT-3
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Test Stopped
at 8/8 = 8.3
M P
~M =1.06
p
5
Fig. 10 - BEAM CONTROL TEST
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3
Gage box
Reading prop. to
[(1+2)-(3+4)]
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(a) BEAM STRAIN GAGING
Beam
pin
(b) GAGE LOCATION
Fig. 11 - BEAM STRAIN GAGES
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9 9
( RC -4)
eRC-I)
•
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24 21
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_---~59
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I) Bending moments plotted on
tension side.
2) Moments are in kip- in.
(RC-7 )
3) I" = 50 kip- in.
Fig. 12 - ERECTION MOMENTS IN TEST FRAMES
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F
Rs =Beam Moment
Me =Column Moment
Fa = Joi nt Moment
P+ F+ R =Column Axial Load
R
Rotation
o Fig. 13 - BASIC QUANTITIES MEASURED AND PLOTTED
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Fig. 19 - BASIC TEST RESULT (RC-6)
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;278.10
Test =0.53"
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Fig. 21 - DEFLECTION IN TEST RC-2
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Fig. 22 - DEFLECTION IN TEST RC-7
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Fig. 25 - MIDHEIGHT CURVATURES VS. JOINT ROTATION
FOR ALL TESTS
-.
278.10
Compressive Strain
15 x 103
:#18
10
5
Ey
O·
M......._fYl -
o
5
10
Tensile
Strain x 103
LOAD NUMBERS:
(for key, see Fig.15)
- 91
Fig. 26 -.STRAIN DISTRIBUTION AT MIDHEIGHT OF COLUMN
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Fig. 27 - BEAM CURVATURE DIAGRAM
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